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1.0 INTRODUCTION 
This  r e p o r t  summarizes t h e  f i nd ings  of a  s tudy  performed by t h e  
Highway Safe ty  Research I n s t i t u t e  (HSRI) of The Univers i ty  of Michigan 
f o r  Varigas Research,  Inc .  The s tudy  was conducted a s  p a r t  of Task 1  
of a  p r o j e c t  e n t i t l e d  " M i l i t a r y  Vehicle Rollover Analysis and I n s t r u -  
mentat ion"  i n  which HSRI was asked t o  de f i ne  t h e  problems encountered in  
c a l c u l a t i n g  t h e  p o t e n t i a l  f o r  r o l l o v e r  possessed by pneumatic- t i red 
mil i  t a r y  v e h i c l e s .  
To a t t a i n  t h i s  o b j e c t i v e ,  HSRI and Varigas Research concluded t h a t  
HSRI should conduct t he  fol lowing t a sk s :  
1 )  summarize t h e  s t a t e  o f  t h e  a r t  in  s imula t ing  t h e  dyna- 
mic behavior of road v e h i c l e s ,  
2 )  apply t h i s  a r t  t o  produce a  mathematical d e s c r i p t i o n  
of a r e p r e s e n t a t i v e  m i l i t a r y  veh i c l e  reputed t o  have 
a  r o l l  over  problem (namely, t h e  M-151) , 
3)  i n v e s t i g a t e  t h e  dynamic behavior of t h e  K-151 t o  d e t e r -  
mine t h e  opera t ing  cond i t i ons  and maneuvers t h a t  a r e  
most 1 i  kely t o  chal 1  enge i t s  r o l l  over immuni t y  , 
4 )  determine t h e  r o l l o v e r  l i m i t s  of t he  M-151 and c o n t r a s t  
t h e  r o l l  behavior of t h e  M-151 with t h a t  exh ib i t ed  by 
r e p r e s e n t a t i v e  passenger v e h i c l e s ,  
5 )  i n v e s t i g a t e  t h e  i n f l uence  of load and load d i s t r i b u t i o n  
on t h e  r o l l o v e r  behavior of t he  M-151, and 
6 )  analyze and i n t e r p r e t  t h e  above f i nd ings  t o  determine 
( a )  t h e  f e a s i  bi 1  i  t y  of " syn the s i z ing  a  r o l l  over index" 
and/or  ( b )  a  combination of measurable inpu t  and ou tpu t  
v a r i a b l e s  which i n d i c a t e  t h a t  r o l l o v e r  i s  l i k e l y  t o  occur .  
I t  should be emphasized a t  t he  o u t s e t  t h a t  t h i s  s tudy cons iders  
only t h e  r o l l o v e r  phenomenon which occurs  a s  a  r e s u l t  of maneuvers per- 
formed by motor veh i c l e s  on paved, l eve l  s u r f a c e s .  C l ea r l y ,  mi 1 i  t a r y  
veh i c l e s  can encounter  rol lover-promoting cond i t i ons  when they ope ra t e  
o f f  road o r  when they i nadve r t en t l y  s l i d e  o f f  a  paved road su r f ace .  
(Some of these ro l lover s ,  such as may occur when a  vehicle attempts t o  
negotiate too steep a s ides lope ,  a re  amenable t o  a  s t a t i c  ana lys i s ,  
whereas other  "off  road" ro l lover s ,  as  caused by "skidding" from a pave- 
ment onto a  s o f t  shoulder o r  s t r i k i n g  a  curb, a r e  d i f f i c u l t  t o  ca te-  
gorize and i n t e r p r e t  because of the i n f i n i t y  of conditions t h a t  can 
cause these  kinds of ro l lovers  t o  occur.)  On the other  hand, there  i s  
reason t o  be1 ieve t h a t  some of the  mi l i t a ry  vehicles used by the U.S. 
Army are experiencing ro l lover  incidents  more frequently than other  
vehicles purely as a  r e s u l t  of being driven a t  speed over a paved road 
network. In the  context of t h i s  experience, i t  i s  possible t o  j u s t i f y .  
an examination of whether a  given vehicle design ( o r  in-use configura- 
t i o n )  can experience a ro l lover  event on a  paved surface as a  r e s u l t  of 
d r ive r  control ac t ions .  A1 t h o u g h  such an examination i s  most expedi- 
t ious ly  performed by conducting a systematic s e r i e s  of f u l l - s c a l e  t e s t s  
on the  vehicle in quest ion,  i t  can a lso  be performed by means of 
simulation. 
I t  should be noted t h a t  the l a t t e r  methodology was employed in 
t h i s  study. This means t h a t  the  f indings have a  ce r t a in  level of u n -  
c e r t a i n t y  as derives from (1) inaccuracies in the  data acquired or e s t i -  
mated t o  def ine  a  given vehicle and ( 2 )  the  completeness and v a l i d i t y  of 
the computer code t h a t  describes the dynamics of a  t i r e -veh ic le  system. 
Given, however, the advantages and disadvantages of f u l l - s c a l e  t e s t  and 
simulat ion,  respect ive ly ,  i t  was concluded t h a t  simulation cons t i tu tes  
the preferred methodology in l i g h t  of the object ives of t h i s  study, We 
do n o t ,  however, want the reader t o  i n f e r  t h a t  simulation i s  the most 
cos t -ef fec t ive  methodology under a1 1  circumstances and f o r  al ' l  possible 
study objec t ives .  
Section 2.0 of t h i s  repor t  summarizes the  s t a t e  of art applicable 
to  the  simulation of the  dynamic behavior of road vehic les ,  in general ,  
and the predict ion of ro l lover  thresholds ,  in pa r t i cu la r .  I t  a l so  d i s -  
cusses the  ro l lover  process and i d e n t i f i e s  the various propert ies  of the  
motor vehicle which have a  major influence on ro l l ing  behavior. 
Section 3 .0  i d e n t i f i e s  the computer code used t o  simulate the 
behavior of the M-151 in roll-provoking maneuvers and out l ines  the methods 
employed and the assumptions t h a t  were made in es tabl i sh ing the data 
and design parameters defining the  M-151. Section 4.0 discusses the 
dynamic behavior of the M-151, as predicted by the  simulation employed 
in t h i s  study f o r  various combinations of s t ee r ing ,  braking, a n d  
accelera t ion  inputs as  a means of exploring the ro l lover  potential  of 
the  M-151. Study f indings r e l a t ed  t o  ( 1 )  defining the  ro l lover  threshold 
of the  M-151, ( 2 )  examining the influence of loading on t h i s  threshold,  
and ( 3 )  comparing the  behavior of the M-151 with a representa t ive  
passenger car  a re  presented in Section 5 .0 .  The prospects f o r  synthe- 
s iz ing  a ro l lover  index and recommendations f o r  follow-on work a re  . 
presented in Sections 6 .0  and 7 .0 ,  respectively.  The references c i t ed  
in the  t e x t  a re  1 i s t ed  in Section 8.0. 
2.0 ASSESSMENT OF R O L L O V E R  POTENTIAL: THE 
STATE OF THE ART 
The mechanics of ro l lover ,  as  can occur on a l eve l ,  smooth 
surface ,  a re  discussed below ( in  very gross terms) p r io r  t o  d i s -  
cussing and defining the present s t a t e  of the a r t  f o r  assessing the  
ro l lover  potential  of a motor vehicle from b o t h  an analy t ica l  and/or 
experimental point of view. Although the emphasis i s  on predic t ing  
the ro l l  over threshold appl i  cab1 e t o  maneuvers performed on a 1 eve1 , 
smooth surface ,  i t  will  be argued t h a t  experimental methods of ass-  
essing ro l lover  immunity (or ro l lover  po ten t i a l )  can be more cos t  
e f fec t ive  than simulation, i f  the vehicle e x i s t s  as a physical e n t i t y .  
On the other  hand, i f  the  vehicle i s  only a proposed design, then 
analys is  and simulation cons t i tu te  the only method f o r  determining the 
rol lover threshold of a vehicle performing maneuvers on a l eve l ,  
smooth surface.  
2 . 1  The Vehicle Rollover Process 
The ro l lover  potential  of the  mi 1 i t a r y  vehicle has always been 
a matter of concern, s ince  these vehicles may, on occasion, be forced t o  
t raverse  a s ide  slope.  I n  t h i s  instance,  the vehicle can become s t a -  
t i c a l l y  unstable in r o l l  purely as a r e s u l t  of gravi ta t ional  forces 
causing a r o l l  moment which exceeds the r o l l  - r e s i s t ing  moments created 
a t  t i  re-road contact.  No accelera t ions  due t o  maneuvering are  necessary; 
a standing vehicle will  r o l l  over i f  the gradient  of the s ide  slope i s  
such t h a t  the gravi ta t ional  force vector f a l l s  outside the track width 
of the vehicle. 
On the  other  hand, a maneuvering vehicle can, in theory a t  l e a s t ,  
r o l l  o r  pi tch over in a turning or  braking maneuver. The potential  fo r  
r o l l -  or pitch-over i s ,  of course, considerably increased i f  the  running 
gear of the  vehicle should encounter some obstacle ( f o r  example, a curb 
o r  ru t  in a s o f t  shoulder) which can crea te  a force tangential t o  ground 
which i s  considerably l a rge r  t h a n  the  shear force which can be created 
by a f r i c t i o n a l  process. Accordingly, s i tua t ions  can a r i s e  in which a 
vehicle s l id ing  on a hard, smooth surface encounters an obstacle (and 
possibly a slope as wel l )  such t h a t  the "impact" forces occurring a t  
the running gear ,  together  with the gravi ta t ional  moments created by 
a t i l t e d  surface ,  c rea te  moments s u f f i c i e n t  t o  overturn the vehicle.  
Clearly,  the  higher the center  of mass above the supporting surface and 
the  shor te r  the  wheelbase o r  t rack of the vehicle,  the  g rea te r  wil l  be 
the potent ia l  f o r  overturning i f  a vehicle should s l i d e  and then "stub 
i t s  toe."  
A more e lus ive  overturning scenario than those mentioned above i s  
the  case in which a turning vehicle ( o r  a vehicle which i s  both decel- 
e ra t ing  and turning)  r o l l s  over on a l e v e l ,  smooth surface without en-. 
countering ( a )  an obs tac le  o r  ( b )  a sudden increase i n  t i re - road f r i c t i o n ,  
f o r  example. The term "elusive" is used because a s t a t i c  analys is  of 
the  mechanics involved i s  unable t o  indica te  whether a given maneuver 
wi l l  cause a ro l lover  event. Rather, i t  i s  necessary t o  ca lcu la te  the  
d i rec t ional  response t o  s t ee r ing  and braking control inputs t o  determine 
whether a ro l lover  event wil l  occur. 
I t  should be noted t h a t  ro l lovers  will  not occur in maneuvers per- -
formed on a l e v e l ,  smooth, and constant - f r ic t ion  surface when a d r ive r  
s t e e r s  and brakes i n  a normal manner, namely, t o  accomplish typical  
path- and speed-keeping objec t ives .  Only when a d r ive r  f inds i t  
necessary t o  perform an emergency maneuver, t h a t  i s ,  he s t e e r s  and 
brakes so as t o  approach the maximum forces t h a t  can be generated by 
the  t i r e s ,  i s  i t  possible o r  l i k e l y  t h a t  a ro l lover  threshold wil l  be 
exceeded. 
For many yea r s ,  however, motor vehicle engineers have tended t o  
believe t h a t  a motor vehicle having the  s i z e  and shape of a representa t ive  
motor ca r  would never exceed i t s  r o l l  over threshold on a smooth, level 
surface ,  i r r e spec t ive  of the maneuver ca l l  ed f o r  by the dr iver .  Whereas 
t h i s  bel ief  i s  t rue  f o r  many motor c a r s ,  i t  i s  not t rue  f o r  a l l  cars .  
Further ,  experience has demonstrated t h a t  the payload-carrying objec t ive  
of the  truck (or commercial vehic le)  i s  such t h a t  ro l lover  w i l l ,  in gen- 
e r a l ,  occur before the 1 imit t u r n i n g  capabi l i ty  ( a s  determined by t i r e -  
road f r i c t i o n )  i s  achieved. The logical  questions t o  r a i s e  a re  "Why do 
some motor cars  r o l l  over in maneuvers performed on a level , smooth sur-  
face ,  when most do not?" and "Given t h a t  t rucks have l e s s  immunity t o  
rol lover than the typical motor ca r ,  does the motor truck have any 
directional  response charac te r i s t i c s  which might increase i t s  potential  
f o r  ro l l  over?" 
To address these questions, we should f i r s t  consider what a simple 
s t a t i c  analysis  t e l l s  us about the likelihood of rol lover.  Consider, 
f i r s t ,  a  vehicle without a suspension s i t t i n g  on t i r e s  whose radial  
s t i f f n e s s  i s  i n f i n i t e .  If we look a t  t h i s  vehicle from the rear  (Fig,  
I ) ,  we see t h a t ,  in a steady l e f t  turn,  the centr ipeta l  accelerat ion 
creates  a centrifugal  force t h a t  i s  equal and opposite t o  the s ide  forces 
generated by the r igh t  and l e f t  t i r e s .  Equilibrium requires t ha t  the 
summation of the moments be zero, yielding t h a t  
where 
h = height of the center  of mass of the t o t a l  vehicle 
above the road 
t = t rack width (o r  t read)  
W = weight of the vehicle 
4L ' F y ~  = s ide  forces act ing on the l e f t  and r igh t  
wheels, respectively 
F Z ~ , F Z ~  
= normal forces acting on the l e f t  and r ight  t i r e s ,  
respectively 
I t  i s  seen t h a t  the normal load on the l e f t  ( i . e . ,  " ins ide")  t i r e  will 
disappear when 
If i t  i s  assumed t ha t  the maximum side force which can be generated by 
a t i r e  i s  given by 
Figure 1 .  View of a turning vehicle from the rear. 
where 
p = t i re - road f r i c t i o n  c o e f f i c i e n t ,  
we have t h a t  
Further,  
where a / g  = l a t e r a l  accelera t ion  (nondimensional ) .  
Y 
On subs t i tu t ing  Equation ( 2 )  i n to  ( I ) ,  we f ind  t h a t  the l a t e r a l  
accelera t ion ,  a / g ,  in g un i t s  required t o  reduce the load on  the in- 
Y 
s ide  wheel ( i n  a  steady turn) t o  zero i s  
For a typical  motor ca r ,  t = 60 inches and h = 22 inches. Thus, the  
value of a / g  required t o  reduce the  load on the  ins ide  wheel t o  zero 
Y 
i s  1.36. For a  typical  truck t = 80 inches and 50 in .<  h < 80 inches. 
I f  h = 55 inches, a  value of a / g  = . 7 3  will be s u f f i c i e n t  t o  unload 
Y 
the ins ide  wheel completely. Note t h a t ,  i f  the  vehicle has a suspen- 
sion and the t i r e s  d e f l e c t  r a d i a l l y  and l a t e r a l l y ,  the resul t ing  l a t e r a l  
s h i f t  of the  center  of mass unloads the inside wheel a t  a  l i m i t  turn 
condition corresponding t o  cen t r ipe ta l  accelera t ions  which a r e  somewhat 
lower t h a n  the values computed above. A s t a t i c  analys is  of t h i s  kind 
indica tes  t h a t  motor cars  (whose t i r e s  y ie ld  t i re- road f r i c t i o n  coe f f i -  
c i en t s  of p < 1.0)  should reach a l imi t  turning capab i l i ty  t h a t  i s  sub- 
s t a n t i a l l y  below t h a t  required t o  unload the ins ide  wheels. Further ,  
t h i s  same s t a t i c  analys is  indica tes  t h a t  motor t rucks a r e  l i k e l y  t o  
approach and exceed t h e i r  rol lover threshold p r io r  t o  a t t a in ing  t h e i r  
l i m i t  turning capab i l i ty ,  a s  defined in t h i s  very simple treatment of 
the  turning vehicle.  
The above ca lcula t ions  a re  very approximate and can be very mis- 
leading. F i r s t ,  they imply t h a t ,  i f  ro l lover  i s  ignored, the  l i m i t  
tu rn ,  in g un i t s ,  will  be equivalent t o  the prevail ing t i re-road f r i c -  
t ion  coe f f i c i en t .  Both analys is  and t e s t  show t h a t  t h i s  i s  n o t  the case. 
A typica l  motor ca r  i s  n o t  ab le  t o  "corner" a t  more than about 0 .75  g 
on a surface which exhi b i t s  a t i re- road f r i c t i o n  coe f f i c i en t  in the 
neighborhood of 1 . O .  ( A  comparable experimental finding cannot be 
obtained f o r  the motor t ruck,  s ince the  truck r o l l s  over before i t s  
t i r e s  produce maximum s ide  force .  ) Second, the  ca lcula t ion  supports 
the  conclusion t h a t  typical  motor cars  ( i . e . ,  passenger vehicles with . 
a low c.g. height and a r e l a t i v e l y  wide t r ack)  do n o t  r o l l  over. This 
conclusion i s  n o t  va l id  in a l l  cases ,  because of two fac to r s :  
1 )  There a re  dynamic conditions created by time-varying 
s teer ing  inputs and by ce r t a in  combinations of s t e e r -  
ing and braking which can produce upset t ing moments 
s u f f i c i e n t  to  ro l lover  some motor ca r s .  
2 )  The ro l lover  potent ia l  of a motor ca r  i s  a l s o  s ign i -  
f i c a n t l y  influenced by suspension geometry and, in 
p a r t i c u l a r ,  i s  influenced by the kinematic proper t ies  
of i t s  suspension, a s  viewed in the  transverse plane, 
namely, the  plane normal t o  the  longitudinal  axis  of 
the  vehicle.  
For example, both analys is  and experiment have shown t h a t  an 
independent suspension with a geometry y ie ld ing a high r o l l  center  leads 
t o  s i g n i f i c a n t  "jacking" forces a t  high g l eve l s  when the  s ide  forces 
on the t i r e s  a r e  very asymmetrical, r i g h t  t o  l e f t .  This phenomenon i s  
a process with pos i t ive  feedback, s ince  a "jacking" force leads t o  a 
reduction in t rack width and a fu r the r  increase in r o l l  center  height 
which, in turn, increases the  "jacking" force  and thereby reinforces the  
process, a process which could be described as  a "suspension i n s t a b i l i t y . "  
A "suspension i n s t a b i l i t y "  of t h i s  kind i s  highly nonlinear and tends 
t o  develop only a f t e r  a ce r t a in  cornering threshold has been exceeded. 
However, the onset of "suspension i n s t a b i l i t y "  can lead t o  r o l l  in- 
s t a b i l i t y ,  as the c.g. of the vehicle r i s e s  and the t rack  width of the 
unstable suspension i s  reduced. 
The question thus arises as t o  why a vehicle developer would use 
an independent suspension design for  which the possibil i ty of a "sus- 
pension instabi l i ty"  exis ts .  The answer i s  m u 1  t i  faceted and complex. 
The problem generally arises when the designer wishes t o  give a vehicle 
an independent rear suspension and also employ rear-wheel drive. Design 
tradeoffs ar ise  in which simplicity and cost are weighed against the 
undesirable features of an independent suspension with a high roll  
center. Since these undesirable features become apparent on ly  when the 
vehicle i s  pushed t o  i t s  cornering l imit ,  they often are overlooked, or ,  
i f  the designer i s  fully aware of these shortcomings, a judgment can be 
made that  the "good" features outweigh the "bad." Whereas in the U.S., 
there has been only one rear-drive motor car bui l t  with an independent 
rear suspension possessing a high rol l  center (namely, the Chevrolet 
Corvair), such designs have n o t  been uncommon in Europe. We also see 
this  arrangement in vehicles designed for  off-road use, such as the 
M-151. In general, accident records indicate that vehicles of this  
type are nearly always overinvolved in accidents which involve a ro l l -  
over incident. 
To conclude th is  discussion of the rollover process, i t  must be 
emphasized tha t ,  notwithstanding the at t ract ion of analyzing roll  over 
as a process in which s t a t i c s  are predominant, rollover i s  essentially 
a dynamic phenomenon. Recognition of  this  fac t  leads t o  the question 
as t o  whether there i s  a particular maneuvering sequence that imposes a 
maximal challenge t o  the rollover immunity of a motor vehicle. This 
question has been addressed by HSRI [ I ] ,  using an experimental approach 
together with physical reasoning based on an understanding of the 
mechanics involved. I n  general, HSRI has found that the most demanding 
maneuver i s  a combined braking and steering maneuver that could occur 
in an obstacle-avoidance scenario in which the driver f i r s t  s teers ,  then 
brakes suff ic ient ly  to  lock a l l  wheels, and then releases the brake when 
he feels  the vehicle beginning t o  s l ide  sidewards. Application of this  
control sequence t o  a representative sample of motor cars has shown [2]  
that  many motor cars cannot be rolled over on a level, smooth surface 
under any circumstances. However, some can, and t e s t s  [2] have also 
shown that some cars wi 1 1  rol lover even when they are given only a 
sudden, large steering input, as required t o  perform a l imit  J-turn 
maneuver. I n  addition, an HSRI s ta f f  member has seen movies of  t e s t s  
made in Japan in which a s teer  input intended to produce a severe lane- 
change maneuver i s  sufficient to  cause rollover of the Japanese cars 
under t e s t .  Clearly, when the c.g. -height-to-track-width rat io  i s  
suff ic ient ly  large (as can occur in compact cars with a narrow track) ,  
a severe dynamic maneuver can cause cars to rollover even in the case 
of vehicles which do n o t  exhibit any form of "suspension instabi l i ty ."  
As indicated ea r l i e r ,  the above remarks do n o t  apply to fully 
1 aden heavy trucks. Whereas a dynamic maneuver can preci pi t 3  t e  a 
rollover a t  a g level which i s  less than that required t o  rol l  the truck 
in a steady turn, i t  i s  also true that  almost any heavy-duty commercial' 
vehicle, when fully laden, will rollover prior to reaching i t s  l imit  
steady-cornering capabil i ty. A discussion of the design features and 
variables which influence car and truck rol lover under dynamic maneuver- 
ing conditions will be presented af te r  f i r s t  reviewing the s t a t e  of the 
a r t  in modeling t ire-vehicle systems. 
2 . 2  Models of Tire-Vehicle Systems 
A n  analysis of the directional s t ab i l i t y  of the four-wheeled motor 
vehicle f i r s t  appeared i n  the technical l i t e ra ture  in 1940 [3], where- 
as analyses of the ride dynamics of the motor vehicle go back con- 
siderably further in time. The primary reason for this  difference i s  
that  ride phenomena can be analyzed in terms of the behavior of simple 
mass-spring-damper systems that  are easy t o  visualize in terms of the 
construction of the motor vehicle, whereas the analysis of the direc- 
tional response t o  steering required an understanding of the process by 
which the pneumatic t i r e  produces a side force. This understanding did 
n o t  ex is t  until the early t h i r t i e s ,  when Broulhiet [4] f i r s t  discussed 
( in  1925) the role of s idesl ip  in the generation of side force, and 
researchers [5] in Germany subsequently performed what where (presumably) 
the f i r s t  measurements ever made of the cornering s t i f fness  of the 
pneumatic t i r e .  
Subsequent t o  these early effor ts  (as made to  develop an under- 
standing of the directional dynamics of the motor c a r ) ,  a continuing 
sequence of analytical and experimental endeavors has taken place with 
the objective of increasing and improving our understanding of why and 
how the motor vehicle behaves as it does. In the time frame subsequent 
to the ending of World War I1 but prior to the ready availability of 
analog computers (mid-1 9501s), analytical efforts were restricted to the 
development of linear equations of motion which are most adequate for 
describing the behavior of a constant-speed vehicle conducting maneuvers 
which constitute a small disturbance from straight-1 ine motion. The 
four-wheeled motor car was the exclusive object of attention and almost 
all of the studies addressed the rear-drive vehicle which had an inde- 
pendent front suspension and a solid axle at the rear. These linear 
analyses led to closed-form solutions, which solutions provided a clear 
understanding of the manner in which steering gain is affected by under- 
steer and the manner in which yawing, sideslipping, and rolling response 
to steering is influenced by the linear understeer gradient and other 
design properties of the motor car [6 ] .  
' 
The commercial availability of the electronic differential 
analyzer (more commonly known as the analog computer) in the mid-50's 
removed the requirement to 1 inearize the equations describing the 
dynamics of the motor car. Among the various efforts made to exploit 
this new computer technology, the equations developed by Pacejka [7 ]  
and Bergman, et al, [8] stand out as pioneering contributions. However, 
the newly-developed ability to solve these equations did not prove to 
be very useful or productive in that the procedure poses a demanding 
requirement for information describing the inertial , mechanical, and 
geometric properties of the various components of the vehicle system, 
In particular, a requirement arises for describing the mechanical charac- 
teristics of tires in far greater detail than was typically available 
at that point in time. Thus, the radical improvement in the analyst's 
abi 1 i ty to treat complex, nonl inear mechanical systems created a need 
for descriptive data that cannot be provided unless ( 1 )  substantial 
measurements are performed in the laboratory and/or (2) additional 
calculations are conducted on the basis of information available in 
design drawings. 
One should differentiate between an ability to model the motor 
vehicle and the generation of findings and understanding. General ly 
speaking, the model ing endeavor i s  constrained by the capabil i  t i e s  and 
capacity of the computer t ha t  the analyst  has a t  his disposal and/or 
the funds t ha t  a re  available f o r  his  study. As soon as the d ig i t a l  
computer became generally avai lab1 e ,  the const ra ints  on the modeler 
changed in a d r a s t i c  manner in t ha t  i t  now became possible t o  model a 
vehicle system as completely as desired as long as computational costs  
a r e  not an overriding consideration. 
Under t h i s  changed environment, a  requirement arose fo r  predicting 
the t ra jec to ry  of the motor car  when leaving the road o r  a f t e r  impact-. 
ing a median bar r i e r ,  f o r  example. Under the auspices of the Federal 
Highway Administration, a  substant ia l  e f f o r t  was mounted a t  the Cornel 1 
Aeronautical Laboratory (now Cal span, Inc. ) t o  devel op a d ig i t a l  com- 
puter code providing the desired capabi l i ty .  This code, known as the 
"Highway-Vehicle-Object Simulation Model" ( H V O S M )  , i s  applicable only 
t o  a four-wheeled vehicle b u t ,  on the other hand, i s  e ssen t ia l ly  un-  
r e s t r i c t ed  w i t h  respect to  the motions or t r a j e c to r i e s  t ha t  can be 
accommodated. The guiding phi 1 osophy used in developing t h i s  code was 
t o  obtain r e su l t s ,  i r respect ive  of convenience and cost  fac tors .  Digital 
codes developed by other organizations, as part  of a pa r t i cu la r  research 
study, were designed to  s a t i s f y  d i f fe ren t  objectives and very often 
s t ressed ease of usage and economy of operation. 
The main point t o  be made i s  t ha t  the s t a t e  of the motor vehicle 
modeling a r t  i s  not ref lec ted in the various computer codes t ha t  have 
been generated, in t ha t  each code has been created to  serve a pa r t i cu la r  
purpose and thus each code has i t s  own par t i cu la r  s e t  of compromises. 
Some of the codes a re  in the pub1  i c  domain and others a re  proprietary,  
a s ,  f o r  example, the codes developed by the various motor vehicle com- 
panies. Some are  we1 1 documented and some a re  not. Further, because 
i t  i s  not cos t  e f fec t ive  t o  write a generalized code which i s  capable 
of t r ea t ing  an a rb i t ra ry  number of (1 )  vehicle elements and ( 2 )  wheels 
and ax les ,  with any k i n d  of suspension configuration and drive-wheel 
locations,  codes are  frequently special ized to  handle pa r t i cu la r  con- 
f igurat ions  of vehicles. Finally,  i t  should be noted tha t  the simulation 
of commercial vehicles en t a i l s  fea tures  of mechanical complexity tha t  
a r e  not present in the four-wheeled motor car .  Thus the s t a t e  of the a r t  
in simulating the commercial vehicle i s  constrained by our ab i l i ty  t o  
measure, and/or define, the mechanical/ kinematic properties of com- 
mercial suspensions and our ab i l i t y  t o  measure the properties of the 
large t i r e s  used on motor trucks. I n  summary, i t  may be stated that 
the s t a t e  of the a r t  available to  predict the motion behavior of the 
motor vehicle i s  well developed from the theoretical and conceptual 
point of view b u t  constrained, in a practical sense, by the need t o  
( 1  ) address specific mechanical configurations and ( 2 )  estimate, 
measure, or otherwise acquire, the data defining the vehicle-tire 
sys tem under study . 
No attempt shall be made here t o  define the s t a t e  of the a r t  in 
calculating, measuring, or estimating the various properties of the t i r e -  
vehicle system which appear in the mathematical description of this  
system. Rather,. we shall identify,  below, the various digital  computer 
codes that  are in the public domain and available to  those who wish t o  
conduct simulations without expending time and money t o  develop a code 
of the i r  own. I t  i s  convenient to dichotomize th is  summary into 
"Passenger Car Simulations" and "Commercial Vehicle Simulations. " 
2.2.1 Passenger Car Simulations. 
HVOSM - As mentioned ea r l i e r ,  th i s  code has been developed a t  
the Cal span Corporation t o  serve as a tool for analyzing pre-crash 
safety and post-crash performance a f t e r  impacting certain kinds of fixed 
objects. In i t s  present form [ 9 ] ,  the program serves as a very compre- 
hensive tool for predicting the braking and handling performance of the 
four-wheeled motor vehicle. The code contains a number of exclusive 
features such as terrain tables providing arbitrary roadway inputs and 
various t i r e  modeling options t o  f a c i l i t a t e  the computation of forces 
arising from ( 1 )  the traversal of an irregular roadway and ( 2 )  fore-aft/ 
la teral  impact with curbs of arbitrary cross-section. The code also 
provides for user specification of a beam axle or an independent suspen- 
sion a t  the front and rear of the car. 
The shear forces a t  the tire-road interface are computed with the 
aid of an empirical t i r e  model which was formulated a t  Calspan t o  f i t  
the empirical data as generally supplied by another party, e i ther  ful ly  
or in part. ; A1 t h o u g h  a spin degree of freedom i s  included for  each 
wheel, the interaction between lateral  and longitudinal sl  i p  i s  accounted 
for through the use of the "fr ic t ion el l ipse" concept. I n  th i s  regard, 
the t i r e  modeling can be viewed as n o t  reflecting the l a t e s t  s t a t e  of 
the a r t .  Nevertheless, the "fr ic t ion el l ipse" concept does appear t o  
lead t o  resul ts  that agree reasonably well with measurement. 
A unique feature of the HVOSM code i s  i t s  graphic package which 
can convert trajectory computations into perspective views of the 
automobile with respect t o  the terrain and any objects that are included 
in the simulation. The documentation, a f te r  having been in a less than 
satisfactory s t a t e  for many years, i s  now excel lent as a resul t  of the 
four-vol ume report issued by the Federal Highway Administration in 
February 1976 [9]. 
On the basis of the information availat)le, i t  appears that th i s  
code can be used to determine the rollover threshold of four-wheeled 
motor vehicles with a reasonably high degree of confidence. 
HSRI Passenger Car Simulation - The HSRI passenger car simulation 
has evolved from commercial vehicle simulations developed under sponsor- 
ship of the Motor Vehicle Manufacturers Association ( M V M A ) .  The program 
entai ls  f i f teen degrees of freedom including body motions, wheel jounce/ 
rebound degrees of freedom, and wheel spin. Impact cannot be simulated 
and the range of validity of the roll  angles i s  limited in that changes 
in the track due t o  r o l l ,  as seen in a plan view, are neglected. This 
simplification means that  the numerical solution becomes invalid during 
the la te r  stages of a rollover maneuver. Although the surface of the 
simulated roadway need n o t  be smooth, no mechanism i s  provided for cal- 
cul ating the fore-aft  and la teral  forces caused by roadway undulations. 
A semi-empirical t i r e  model i s  used to calculate the shear forces 
a t  the tire-road interface across the ent i re  range of longitudinal and 
la teral  s l i p  l ikely to be encountered in l imit  maneuvers. The result-  
i n g  algorithm, which entai ls  (1)  user specification of the normal 
pressure distribution prevailing a t  the tire-road interface and ( 2 )  
load-sensitive input parameters, i s  capable of matching measured t i r e  
data within five percent or less ,  constituting a substantial improvement 
over previously available algorithms. This added accuracy i s  extremely 
useful i f  the simulated maneuver covers a1 1 ranges of s idesl ip  angles, 
rather than remaining ent i rely in a high- or low-angle range. 
In comparison with HVOSM, th i s  program i s  quite economical t o  run, 
which economy derives, in the main, from the methodology used t o  solve 
the wheel-spin equations in closed form, thus obviating the need for  a 
very small time step as required t o  integrate the equations associated 
with wheel rotation. The documentation i s  complete and reasonably u p  
to  date. (See the appendices of Reference [lo]. ) 
This code will permit the user to obtain a good understanding of, 
the maneuvers and dynamic conditions leading t o  rollover of the four- 
wheeled vehicle, characterized by an independent front suspension and a 
beam-axle rear suspension, b u t  will not yield rollover thresholds, per 
se ,  because of simplifications that  assume a 1 imited angle of ro l l .  
University of Tennessee Simulation Code - The t i t l e  of th i s  code 
derives from the academic a f f i l i a t ion  of the developer of th i s  program 
which was created a t  the National Highway Traffic Safety Administration 
(NHTSA). The model programmed into th is  code contains 19 degrees of 
freedom, including the usual ten degrees for  the sprung and unsprung 
masses, plus time lags for  the shear force build-up a t  each t i r e  and a 
steering degree of freedom permitting the calculation of vehicle t ra jec-  
tory with the steering system unconstrained. 
This simulation i s  distinguished by a very careful analysis of a 
large variety of front and rear suspensions, yielding equations of 
motion which are based on the assumption of an inclined rol l  axis. Tire 
shear forces are computed using the model employed in HVOSM. 
A1 though no user-oriented documentation i s  known t o  exis t  other 
than an unpublished NHTSA report, a summary of the pertinent mathema- 
t ica l  detail i s  given in Reference [ I l l .  An examination of this  
reference indicates that no small angle assumptions are made. Thus, 
t h i s  code should, in principle, yield predictions of rollover thresholds. 
Comparisons with experimental measurements do not, however, inspire 
confidence in this  regard. 
NHTSA Hybrid Computer Simulation - (Whereas th is  l i s t ing  of 
computer codes would ordinarily be restr ic ted t o  digital  programs which 
can be se t  u p  and run by any user, the hybrid-computer simulation 
mechanized a t  the Applied Physics Laboratory of Johns Hopkins University 
i s  a semi-permanent instal  1 ation avai 1 able t o  personnel under contract 
t o  the federal government and consequently th is  simulation does n o t  
require t h a t  any prospective user have a hybrid computer available for 
i t s  operation. 
This simulation [12] ,  in i t s  current form, has evolved, over time, 
from a vehicle simulation which was originally developed by the Bendix 
Research Laboratories under contract support from NHTSA. The simul a -  
tion i s  based on the mathematical model t h a t  was originally developed 
a t  Calspan for  conversion into HVOSM. After Bendix modified the HVOSM 
program t o  f i t  on the i r  hybrid-computer f a c i l i t y ,  NHTSA arranged for  i t s  
transfer t o  APL in May 1972. Since that  time the simulation has been 
updated by incorporating developments from the ongoing NHTSA-sponsored 
research program. A t  present, the following suspension types can be 
accommodated with th is  simulation: 
.Independent suspension b o t h  front and rear 
Independent front suspension and sol id rear axle 
.Independent front suspension and  solid rear axle with dual t i r e s  
.Sol id axles, front and rear 
.Solid axle, f ront ,  and solid axle, rear,  with dual t i r e s  
Tire forces are modeled as per HVOSM. 
On the basis of the information available, i t  appears t h a t  th i s  
computer simulation can be used t o  determine the rollover threshold of 
four-wheeled motor vehicles. 
2 . 2 . 2  Commercial Vehicle Simulations. 
AVDS-3 - The t i t l e  of th i s  code i s  an acronym for "Articulated 
Vehicle Dynamic Simulations" which were developed under NHTSA sponsor- 
ship a t  the I l l ino is  Inst i tute  of Technology. The program has been 
written to  simulate the dynamic response of combination commercial 
vehicles consisting of a truck-tractor towing one, two, or three t r a i l e r s .  
Considerable' simp1 if icat ions are introduced (e.g., ( 1 )  no rol l  and 
pitch degress of freedom ex i s t ,  requiring that  the change in t i r e  loads 
during maneuvers be computed on a quasi-static basis and ( 2 )  a l l  units 
are restr ic ted t o  have a single front and rear axle) t o  f a c i l i t a t e  
an inverse solution methodology. This solution methodology permits 
the user t o  specify the trajectory that  he wants the vehicle t o  follow 
such that  he can determine the steering and braking inputs which must 
be provided by the driver. I n  t h i s  manner, i t  i s  possible t o  determine 
whether a given vehicle combination makes unreasonable demands on driver 
ab i l i t i e s  i f  a specific trajectory must be negotiated. This inverse . 
procedure has been validated with generally good results [13]. 
The calculation of t i r e  forces i s  based on a fr ic t ion-el l ipse 
representation of longitudinal and la teral  force interaction, with no 
provision made for calculating longitudinal sl  ip since a wheel rotation 
degree of freedom does not exis t .  The documentation for the l a t e s t  
version of th i s  code was published in 1973 [14]. 
This code i s  not applicable to the prediction of a rollover 
threshold. 
MVMA-HSRI Simulation - Under the auspices of the Motor Vehicle 
Manufacturers Association (MVMA) , a project was undertaken a t  the Highway 
Safety Research Ins t i tu te  (HSRI) of The University of Michigan for  the 
express purpose of establ i shi ng a digi ta l  computer-based mathematical 
method for  predicting the 1 ongi tudinal and directional response of trucks 
and t ractor- t rai  1 e rs ,  Two computer codes have been produced, namely, 
a straight-1 ine braking program for s t raight  trucks, tractor-semi t r a i l e r s ,  
and tractor-semi t ra i le r - fu l l  t r a i l e r  combinations [15], and a combined 
braking and directional response program for trucks and tractor-semi- 
t r a i l e r s  [16]. The l a t t e r  code i s  currently being augmented and updated 
under the auspices of the Federal Highway Administration to  predict the 
braking and hand1 ing performance of the tractor-semi t r a i  ler-ful 1 t r a i  1 e r  
combination. 
These codes have been designed t o  t r ea t  the various geometrical 
and mechanical features that are unique to  the commercial vehicle. 
Among these features are  the various proprietary tandem-axle suspensions 
( a s  cormonly employed t o  perform a load-leveling function in the presence 
of roadway i r regular i t ies )  with their  unique nonl inear mechanical and 
kinematic properties as depend on design particulars. Consequently, 
each tandem suspension type or configuration must be individual ly 
analyzed in order to  model i t s  mechanical and kinematic behavior. A t  
present, seven separate tandem suspensions may be selected as needed 
to descri be a given commercial truck or t r a i l e r ,  e.g. , a "wal king-beam" 
suspension, a "four-spring" suspension, e tc .  Two tandem suspensions 
are user options in the braking and directional response simulation-the 
simp1 es t  four-spring suspension and a wal king-beam suspension. Val ida- 
tion runs for these l a t t e r  two suspensions have been performed in b o t h '  
the straight-l ine braking and the braking and directional response 
program. 
The brake systems commonly employed on commercial vehicles require 
special attention n o t  usually necessary for  vehicles with hydraulically- 
actuated brake systems. The brake system model may conveniently be 
divided into three sections. I n  a t rac tor - t ra i le r  air-brake system, 
the driver applies the brakes by operating a treadle valve which con- 
t ro l s  the a i r  pressure a t  the brakes. I n  the f i r s t  section of the model, 
the relationship between pressure a t  the treadle valve and the 1 ine 
pressure a t  the brakes on each axle i s  computed as a function of time. 
The time delay and the rise-time characteristics of the a i r  brake system 
are represented in the simulation. 
In the second section of the brake system model, the relation- 
ship between l ine pressure and brake torque i s  modeled. The program 
user has two options: he may either input a table of brake torque for 
increasing 1 ine pressure, or ask the simulation t o  calculate a relation- 
ship for torque versus 1 ine pressure, based on brake models contained 
in the computer program. 
The third section of the brake model contains the antilock brake 
system simulation. This system i s  se t  u p  in a quite general form so 
the user may call  for any of a wide variety of antiskid control logic. 
The documentation for these programs rests  in several separate volumes . 
The straight-l ine braking simulation code i s  described in Reference [15], 
whereas the combined braking and hand1 ing simulation code i s documented 
in Reference [16]. 
Whereas this code permits the user to obtain a good understanding 
of the maneuvers that lead to a high probability of rollover for a truck 
and truck (tractor)-trail er combination, it cannot yield rollover 
thresholds, per se, because of simp1 ifications that assume a limited 
angle of roll. 
Cornell University Simulation - Work on the simulation of arti- 
culated vehicles has proceeded at Cornel 1 University since the pioneering 
analysis and simulation of Mikulcik [17]. Several basic changes and 
refinements have been made, many of which have been discussed in the 
literature (e.g., [18], [19]). 
The present code enables the user to "construct" the vehicle 
using a building block approach. Thus a straight truck, tractor- 
semi trailer, and doubles and triples combinations may be modeled with 
minimal inconvenience. It should be noted, however, that no provision 
is made for representing the pecul iar properties of tandem suspensions 
and, in addition, all suspension springs and dashpots are assumed to 
have linear characteristics, an assumption that is in considerable con- 
flict with reality. The axles and running gear can be assumed massless 
to reduce the degrees of freedom required to represent the total 
vehicle, which number can be sizeable since six degrees of freedom are 
used to describe each sprung mass of the total vehicle system. 
The tire model is a modification of a formulation developed at 
HSRI [20]. Since the formulation makes use of a closed-form integratjon 
of the shear stresses at the tire-road interface, no "friction ellipse" 
type of calculations are necessary to compute the interactions between 
the lateral and longitudinal forces. 
An explanation of this model is presented in Reference [21]. 
There is, however, no published information in the form of a user's 
manual. 
In addition to the inability of this code to describe commercial 
vehicles in a realistic manner, it is believed that the assumptions 
made in describing the properties of the fifth-wheel coupling are likely 
to invalidate the prediction of a rollover event. 
ST1 S imu la t i on  - An a n a l y s i s  o f  t r u c k  and bus hand1 i n g  was pe r -  
formed by Systems Technology, Inc ,  (STI )  under NHTSA sponsorship.  I n  
t he  course o f  t h i s  con t rac t ,  n o n l i n e a r  equat ions o f  mot ion were de r i ved  
f o r  a  t h ree -ax l e  s t r a i g h t  t r u c k  and an i n t e r c i t y  bus and implemented as 
d i g i t a l  computer s imu la t i ons .  
T i r e  shear f o r ces  a r e  computed based on t h e  Calspan t i r e  model as 
presented i n  Reference [9]. Th i s  code i s  d i s t i n g u i s h e d  by i t s  c a p a b i l i t y  
t o  compute t h e  e f f e c t s  o f  s l osh ing  o f  l i q u i d  cargo as exp la ined  i n  
Reference 1221. I n  p a r t i c u l a r ,  t h e  l i q u i d  cargo i s  assumed t o  be i n -  
v i s c i d  and incompress ib le  and t he  f l u i d  f l o w  i s  assumed t o  be i r r o t a -  . 
t i o n a l .  A c y l i n d r i c a l  tank  w i t h  a  c i r c u l a r  cross s e c t i o n  i s  assumed 
and equat ions a r e  i n i t i a l l y  de r i ved  f o r  an a r b i t r a r y  l i q u i d  cargo l e v e l  
and then  s p e c i a l i z e d  t o  t h e  h a l f - f u l l  case. The angu la r  displacement 
of t h e  p lane  of t h e  water  su r f ace  de f i nes  t h e  wave mot ion,  and these 
p i t c h  and r o l l  angles a r e  assumed t o  be smal l  pe r t u rba t i ons .  Only t he  
f i r s t  harmonics o f  these wave mot ions a r e  i nc l uded  i n  t he  a n a l y t i c a l  
r ep resen ta t i on .  
The ST1 code appears t o  y i e l d  good c o r r e l a t i o n  w i t h  f u l l - s c a l e  
t e s t  r e s u l t s .  A  source l i s t  o f  t h e  program, and o t h e r  p e r t i n e n t  d e t a i l s ,  
a r e  presented i n  Reference [22].  
The documentat ion o f  t h i s  code i n d i c a t e s  t h a t  i t  should  be ab le  
t o  p r e d i c t  t h e  r o l  l o v e r  t h resho ld  o f  t h ree -ax l e  veh i c l es .  
R o l l  and Yaw-Plane Ana l ys i s :  Mu1 t i -E lement  A r t i c u l a t e d  Veh ic le  - 
A s tudy  performed by HSRI r e c e n t l y  under t h e  auspices o f  t h e  S t a t e  o f  
Michigan has r e s u l t e d  i n  two computer codes which can be used, i n  com- 
b i n a t i o n ,  t o  eva lua te  t h e  1  i k e l  i hood o f  r o l l o v e r  o f  a  mu1 t i - a r t i c u l a t e d  
veh i c l e .  The f i r s t  code, as implemented, y i e l d s  t h e  d i r e c t i o n a l  response 
t o  s t e e r i n g  as p r e d i c t e d  by t h e  1  i n e a r i z e d  equat ions o f  mot ion a p p l i c a b l e  
t o  a  t r ac to r - sem i  t r a i  1  er-do1 ly -semi  t r a i  1  e r  combinat ion w i t h  an a r b i t r a r y  
number of ax les.  The second code y i e l d s  t he  1  a t e r a l  , bounce ( o r  heave), 
and r o l l  mot ions o f  a  suspended mass as caused by s i d e  f o r ces  a c t i n g  a t  
t h e  t i r e - r o a d  con tac t  which a re  e q u i v a l e n t  t o  t h e  l a t e r a l  a c c e l e r a t i o n  
t ime  h i s t o r i e s  produced by t h e  l i n e a r ,  p l ana r  ana l ys i s .  Th i s  l a t t e r  
code s t resses  t h e  nonl  i n e a r  cha rac te r  (e.g., suspension lash ,  d r y  
f r ic t ion ,  and suspension ra te  hardening) of actual truck suspensions 
and the l a t e ra l ,  ver t ical ,  and rol l  degrees of freedom of the sprung 
and unsprung masses, both of which are free t o  roll  re lat ive to  ground. 
Clearly, the development of these two codes, one being based on a 
l inear analysis, was seen as a highly pragmatic way to arrive a t  ro l l -  
over predictions without necessitating the development of a se t  of non- 
linear equations describing a multi-articulated vehicle system having, 
a t  minimum, twenty-f i ve degrees of freedom. 
These two codes have been shown t o  yield predictions of la teral  
response and rol l  response, respectively, of a "pup" t r a i l e r  that are , 
in reasonably good agreement w i t h  experiment. The codes are described 
in Appendices A and B of Reference [23]. 
I t  appears that  these two codes, in combination, provide con- 
siderable insight w i t h  respect t o  the manner in which yaw response 
characteristics and design detai ls  (re1 ated t o  roll  ing behavior) combine 
t o  produce a high probability of rollover. Specific rollover thresholds 
cannot be established with a high degree of accuracy, however. 
2 . 3  Properties of the Motor Vehicle Influencing the Rollover Thresh01 d 
Other than the l a s t  mentioned item in the l i s t ing  of computer 
codes given above, none of the abovementioned simulations were developed 
for  the express purpose of examining the rollover threshold of the 
motor car (or  truck).  I t  can also be said tha t ,  t o  the degree that  
some of the above codes are valid for conducting such an examination, 
i t  does not appear that a complete systematic study has ever been made 
to  determine the sensi t ivi ty  of rollover thresholds to design variables. 
Notwithstanding the absence of such a study, a certain amount of  
knowledge and experience has been obtained t o  indicate the general 
nature of the rollover process and to  show that rollover can (and does) 
occur dynamically, even though steady turning a t  the limiting la teral  
acceleration may be insufficient t o  produce a rollover response. Roll- 
over under dynamic conditions i s  also known to  be a function, in part ,  
of the dynamic maneuver that  i s  performed. I n  other words, the rollover 
threshold i s  maneuver sensitive and, consequent7y, some care must be 
taken in defining the rollover threshold of a motor vehicle. 
As indicated ea r l i e r ,  research has been performed t o  define the 
combined steering and braking maneuver which would appear to make maxi- 
m u m  demands on a motor c a r ' s  natural immunity to rollover. Simulation 
of the directional response produced by steering and braking inputs 
sufficient t o  create a rol lover, as determined experimental ly,  has 
produced computer output that agrees rather well with measured response 
motions (see Appendix B of Reference [ lo]) .  I t  must be noted, however, 
that  these simulations were accompanied by a sizeable parameter data 
gathering ef for t  which included, among other measurement ac t iv i t i e s ,  a 
substantial e f for t  t o  measure the nonlinear mechanical properties of the 
appropriate pneumatic t i r e  on the actual surface used in the t e s t  
program. 
Given that i t  has been demonstrated that  the avai labi l i ty  of valid 
parameter data enables one t o  predict the "drastic s teer  and brake" roll  
response of a specific category of motor car, namely, a motor car with 
independent front suspension and a beam-axle rear suspension, i t  i s  
reasonable t o  conclude that  th i s  prediction can also be made for a 
vehicle with an independent rear suspension, provided the kinematic 
properties of such a suspension are properly accounted for in the 
applicable equations of motion, Even though th is  exercise appears t o  
have never been carried o u t ,  i t  i s  possible to enumerate the properties 
of a motor vehicle which, t o  f i r s t  order, determine i t s  rol l  behavior 
and, more importantly, i t s  rollover threshold in a given maneuver. 
To the degree that the physics of the motor vehicle are reasonably 
well understood a t  this  point in time, the following properties of the 
motor vehicle are primary to the establishment of i t s  immunity to (or ,  
conversely, i t s  proclivity for )  rollover. I n  order of probable de- 
creasing significance, they are: 
-center of gravity height and track width 
omagni tude of the fr ic t ional  coup1 i ng between the instal  led 
t i r e s  and the road surface 
*geometry of the front and rear suspensions as establish 
the i r  respective roll  centers and the track and camber 
change resul t i  ng from jounce/rebound motions of the front 
and rear wheels 
. the s t i f f n e s s  and damping p r o p e r t i e s  o f  t h e  f r o n t  and r e a r  
suspensions, as e s t a b l i s h  t h e  r o l l  s t i f f n e s s  and r o l l  
damping o f  t h e  f r o n t  and r e a r  suspensions, r e s p e c t i v e l y ,  
over  t h e  f u l l  range o f  jounce/rebound displacement 
* t h e  l i m i t s  on jounce/rebound displacement o f  t h e  f r o n t  and 
r e a r  wheels, i n c l u d i n g  t h e  a d d i t i o n a l  s t i f f n e s s  c rea ted  by 
con tac t  of t h e  jounce/rebound s tops ( i  . e. , bump s top  
c o n t a c t )  
* t h e  a n t i - p i t c h  p r o p e r t i e s  o f  t h e  f r o n t  and r e a r  suspensions 
athe r o l l  i n e r t i a  of t h e  sprung mass p l u s  t he  r o l l  i n e r t i a  
o f  unsprung assembl i es ,  such as beam a x l e  w i t h  wheel and 
t i r e  masses. 
I n  a d d i t i o n  t o  t h e  above-c i ted p rope r t i es ,  one must a l s o  measure o r  
es t ima te  those p r o p e r t i e s  which a re  e s s e n t i a l  t o  p r e d i c t i n g  t h e  o v e r a l l  
d i r e c t i o n a l  response o f  t h e  motor veh i c l e .  Ch ie f  among these p ro -  
p e r t i e s  a re  t h e  l a t e r a l  mechanical p r o p e r t i e s  o f  t h e  i n s t a l  l e d  t i r e s ,  
t he  yaw i n e r t i a  o f  t h e  sprung and unsprung masses, t h e  geometry o f  t he  
v e h i c l e  i n  p lan,  and t h e  suspension geometry t h a t  i n f l u e n c e s  wheel and 
a x l e  motions, as viewed i n  t h e  p lane  o f  t h e  roadway. 
The s t a t e  o f  t h e  a r t  i n  measuring and/or c a l c u l a t i n g  these p ro -  
p e r t i e s  i s  reasonably  w e l l  developed i n  p r i n c i p l e ,  but ,  i n  p r a c t i c e ,  i t  
appears t h a t  o n l y  a  l i m i t e d  number o f  o rgan i za t i ons  have i nves ted  t h e  
t ime and money necessary t o  c r e a t e  t h e  l a b o r a t o r y  f a c i l i t i e s  needed t o  
make these measurements. The reason f o r  t h i s  s t a t e  o f  a f f a i r s  de r i ves  
f rom t h e  f a c t  t h a t  t h e  p r imary  user  o f  such f a c i l i t i e s  i s ,  l o g i c a l l y ,  
t h e  motor v e h i c l e  manufac tu r ing  i n d u s t r y .  To t h e  e x t e n t  t h a t  t h i s  i n -  
d u s t r y  sees s i m u l a t i o n  a c t i v i t i e s  and/or t he  ga the r i ng  o f  v e h i c l e  
parameter da ta  as impo r tan t  t o  t h e  v e h i c l e  development process, i t  does 
i n v e s t  i n  t h e  es tab l  ishment o f  t he  necessary measurement f a c i  1  i t i e s .  
By and la rge ,  however, i t  i s  so much s imp le r  and e a s i e r  t o  conduct pe r -  
formance t e s t s  w i t h  e i t h e r  p ro to types  o r  f i n a l  p roduc ts  than i t  i s  t o  
p r e d i c t  performance w i t h  t h e  a i d  o f  a  computer s imu la t ion ,  t h a t  many 
companies do n o t  spend t h e  t ime  and money necessary t o  make parameter 
measurements and, i n  some cases, do n o t  spend t h e  t ime  and money t o  
c r e a t e  t h i s  p a r t i c u l a r  c a p a b i l i t y .  I n  a  few ins tances,  research 
organizations and academic inst i tut ions have seen f i t  to  establish a 
portion of the required measurement capabi 1 i  ty and the advent of federal 
safety standards has led t o  an increased interest  in (1)  advancing 
the real-world practice of parameter measurements and ( 2 )  creating more 
of the required f a c i l i t i e s .  Notwithstanding these trends, i t  can be 
stated that ,  for many purposes, i t  i s  much more cost effective to 
measure the rollover threshold of a motor vehicle than i t  i s  to predict 
this  threshold by means of a computer simulation, On the other hand, 
an indepth understanding of why the vehicle behaves as i t  does can, 
clearly,  be better obtained from a simulation endeavor. 
3.0 SIMULATION OF THE M-151 
The M-151 is the military vehicle selected for scrutiny in this 
study in light of its operational history which appears to contain a 
larger than expected number of rollover incidents. Given that the 
M-151 is a four-wheeled vehicle with an independent front and rear 
suspension, the HVOSM (identified in Section 2.0 above) is particularly 
applicable to simulating this vehicle. Accordingly, we discuss below 
certain items relating to using this code in pursuing the objectives 
of this study. 
3.1 The HVOSM Code 
The Highway-Vehicle-Object Simulation Model exists in two forms- 
a road design version (in which vehicle impact with roadside objects 
is included) and a vehicle dynamics version, HVOSM VD2. A digital 
magnetic tape containing the source code for both versions was ob- 
tained from the Federal Highway Administration (FHWA) , together with 
four volumes of program documentation. This tape also contained the 
source code for a preprocessing program which can be employed to 
(a) retrieve vehicle design data relating to each of six cars which 
have been extensively measured or (b) construct typical automobile 
parameters corresponding to a specified wheel base. To faci 1 i tate this 
study, the source codes for HVOSM VD2 and the preprocessing program 
were copied to disc files on the Michigan Terminal System (MTS), and 
the tape was returned to FHWA. 
Some small modifications to the HVOSM VD2 (concerning the print- 
ing of the date and the writing of results to the line printer) were 
necessary before the program would compile and run. The standard form 
of output generated by the program consists of successive values of the 
most significant variables describing the motions of and forces on the 
vehicle as written by the line printer. Appropriate headings are also 
printed, and the user has some facility for suppressing unwanted output. 
The line printer output can be viewed at the user's terminal immediately 
after a simulation run, but since the output format is designed to use 
all of the line printer's 120 columns, the terminal output is not very 
convenient, and can only normally be used t o  determine whether o r  not 
r o l l  over occurred. However, by pos t-process i ng the r e su l t s  , and employ- 
ing HSRI's graph plot t ing routine,  computer-plotted time h i s to r ies  can 
be obtained. Although the time h i s t o r i e s  which a re  included i n  this 
report  have been obtained i n  t h i s  way, the output of the l i ne  p r in te r  
consti tuted the main in terface  between the computer and the analyst  
during the course of t h i s  project .  
3.2 Acquisition of Input Data Defining the  M-151 
To obtain values of the parameters describing the M-151, refer-  
ence has been made t o  the following documents: U.S. Army Test and 
Evaluation Command Report No. DPS-2642 [24]; Stevens I n s t i t u t e  of 
Techno1 ogy, Davidson Laboratory Report 1420 [25] ; Highway Safety 
Research I n s t i t u t e  Report UM-HSRI-PF-74-3 [26]; and the M-151 Operator's 
Manual [27]. 
Reference [24] contained information on vehicle weight and c.g. 
posit ion,  suspension spring r a t e s ,  shock absorber force/veloci t y  
charac te r i s t i c s ,  and jounce and rebound buffer locations . Reference 
[25] contained 1 imi ted information re la t ing t o  a l i nea r  analysis  of the 
M-151, which information was c lea r ly  in e r ro r ,  in many instances. For 
example, the t o t a l  mass, as given, i s  much lower than t ha t  given by 
Aberdeen, the  wheel base quoted is  f i ve  inches too small, the r o l l  in- 
e r t i a  i s  over 90% of the yaw ine r t i a  (which i s  p la inly  absurd) and cer-  
t a in  of the suspension data a r e  c lea r ly  incorrect .  Consequently, 1 i t t l e  
re1 iance has been placed on t h i s  information. Reference [26] contains 
t i r e  forces and moments measured on f ree-rol l  ing 7.00 x 16 NDCC t i r e s  
a t  20 and 25 psi pressure ( these a r e  the standard t i r e s  and in f la t ion  
pressures f o r  the M-151) f o r  a 1 imited range of loads, sides1 i p  angles,  
and camber angles. Reference [27] contains sketches and d i  agrams which 
have been of some use in the estimation of those vehicle parameters f o r  
which no measurements a r e  known to  ex i s t .  
In addit ion,  informal arrangements were made w i t h  the Reserve 
Training Center of the Department of the Army ( i n  Ann Arbor) t o  take 
measurements and photographs of an M-151, pa r t i cu la r ly  the suspension 
geometry, such that  suspension layouts could be drawn and the necessary 
data derived from the drawings. These measurements and photographs 
were a1 so useful for  estimating iner t ia  properties. Subsequently, 
these preliminary estimates were improved on the basis of measurements 
(performed here a t  HSRI in connection with another project) of the 
pitch iner t ia  of an AMC Jeep. 
To sa t i s fy  the input requirements of the HVOSM code, a con- 
siderable amount of data-+on-critical as f a r  as the project objectives 
were concerned-had t o  be constructed. These data related to the pro- 
perties of the transmission system, brake system properties, engine , 
torque characteristics with open and closed thro t t le ,  and vehicle drag 
and roll ing resistance. Estimated values for  these properties are con- 
s i  dered reasonable, rather than accurate. 
With respect to  the parameters that affect  steering responses 
and rollover rather markedly, however, a few problems were encountered. 
For example, the la teral  force properties of the M-151 t i r e ,  as measured, 
were found not to f i t  the HVOSM code particularly well in respect of 
the variation of cornering s t i f fness  with loading and camber effects.  
Further, early computer runs indicated, i n  the extreme maneuvers being 
considered, that  (1)  the t i r e s  were operating a t  much higher loads and 
s l i p  angles than we had experimental data for  and ( 2 )  the manner in 
which the t i r e  input data was being extrapolated (within the program) 
was not reasonable. Through reference t o  other t i r e  data defining side 
forces generated a t  high loads and s l  ip angles (particularly Reference 
[28]), the t i r e  data was modified so that the program was required, for 
the most part ,  t o  interpolate rather than extrapolate. I t  should be 
borne in mind, therefore, that  the t i r e  data which i s  c r i t i ca l  t o  
accurate prediction of vehicle motions, i s ,  to some extent, estimated. 
Somewhat less c r i t i c a l ,  b u t ,  nevertheless, important, estimates had t o  
be made of suspension jounce- and rebound-stop s t i f fness  and r e s i l i -  
ences in a somewhat blind manner. In addition, a value for  shock 
absorber damping must be selected as a compromise between the damping 
existing during jounce and rebound motions since HVOSM does not a1 low 
asymmetry in the behavior of the shock absorber. Suspension f r ic t ion ,  
which will vary somewhat from one jeep to another, also had to  be e s t i -  
mated. Throughout the study, the road surface has been assumed f l a t  and 
dry. 
4.0 MANEUVERING CHARACTERISTICS OF THE M-151 
Four different maneuvers were simulated with the M-151 in order 
to  explore i t s  potential for rolling over or resisting rollover. The 
motion behavior of the M-151 as discerned in 
1 )  a combined braking and steering maneuver, 
2 )  a quasi-static turning condition, 
3)  a J-turn maneuver, and 
4 )  a nominal lane-change maneuver 
i s  discussed below by treating each of the above maneuvers in the order 
l is ted.  
4.1 Combined Steering and Braking Maneuver 
A t  the outset, i t  was anticipated that a combined steering and 
braking maneuver would present the greatest challenge t o  the rol l  
s t ab i l i t y  of the M-151. This expectation was mainly based on the 
experimental results reported in References [ I ]  and [2]. The maneuver 
s t a r t s  from a s t raight  path and consists of throttl ing back and applying 
a half sine-wave steering input and then applying the brakes for 1/2 sec. 
sufficiently hard to  lock a l l  the wheels s tar t ing when the vehicle has 
reached i t s  maximum yaw rate in response to the steering input. For a 
given vehicle speed, the amplitude and period of the sine wave, and the 
timing of brake application and release will a l l  affect the responses 
in a complex fashion, since the phasing of motions and applied i s  c r i -  
t ical  t o  determining whether disturbances are additive or cancel. Even 
for one vehicle in one loading condition, i t  would, in general, require 
a large number of open-loop control computer runs for each vehicle speed 
to  establish "optimum" conditions for rollover. This approach has not 
been attempted; rather, a small sample of results have been obtained for 
the standard M-151 a t  different speeds disturbed by the same steering 
and braking sequence. 
For an in i t i a l  speed of 50 mph, the sequence leads t o  rollover. 
The motion time histories are shown in Figure 2. I n  general terms, 
the event sequence can be described as follows. The steering input 
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causes the vehicle to  yaw without very much at t i tude change. When 
the wheels are  locked by the heavy braking, the t i r e s  produce very 
l i t t l e  side force and the yaw rate remains f a i r ly  constant, while the 
vehicle pitches nose down in response t o  the braking forces, When 
the brakes are released, the front wheels spin up  to  somewhere near 
the i r  free-roll ing velocity more quickly than the rear wheels because 
they are more heavily laden, and have less spin iner t ia  through not 
being geared to the transmission system. The front side forces, there- 
fore,  grow before the rear forces and act to increase the yaw velocity. 
Also, when the brakes are released, the magnitude of the pitch angle . 
decreases in a somewhat oscil latory fashion. The t i r e  side forces then 
sustain a nose-down pitch a t t i tude ,  w i t h  the vehicle center of mass 
raised about four inches from the equilibrium s t a t e ,  as a resul t  of 
the strong jacking effect  occurring a t  the rear suspension. The rol l  
angle builds u p ,  again w i t h  some osci l la t ion,  until rollover occurs. 
A t  40 mph, the event sequence was qualitatively similar during 
the in i t i a l  protion of the response. The main quantitative difference 
was that the final build-up of rol l  angle was not suff ic ient  to cause 
rollover, although a t  one point three of the four wheels los t  contact 
with the ground. 
When the s tar t ing speed was 60 mph, a similar sequence occurred 
until a l i t t l e  a f t e r  the brakes had been released. Then the vehicle 
turned through a greater angle relat ive to i t s  path and traveled back- 
wards (having spun). A1 though high 1 ateral  accelerations were reached 
many times, they were not sustained, and not phased with the roll ing 
motions of the sprung mass such that  rollover occurred. There i s  l i t t l e  
doub t  that  rollover could be achieved from 60 mph by employing different 
magnitudes and timings in the control inputs. 
4.2 Steady Turn Behavior 
Steady turning does not create the greatest 1 i kel i hood of rol l -  
over, b u t ,  in an open-loop control simulation study, i t  has the ad- 
vantage of being the easiest  maneuver to  describe quantitatively, 
because the very important phasing of time-varying effects ,  a1 ready 
mentioned, i s  absent in th i s  case. For reasons of economy, the 
steady-turn behavior of vehicles i s  often studied experimental ly,  
employing quasi -steady conditions. Two forms of the quasi -steady turn 
t e s t  exis t :  (1 ) maintaining constant speed with slowly increasing 
steering-wheel displacement, or ( 2 )  maintaining constant steering-wheel 
displacement w i t h  slowly increasing speed. In such quasi -steady t e s t s ,  
rates of change must be maintained small enough for  time-varying effects  
to  be negligible. 
Simulations of the M-151 were carried out f i r s t  by employing 
fixed steering and open th ro t t l e ,  the intention being to increase the 
forward speed until rollover, spinout, or any other limiting response . 
was reached. I t  was found that  an i n i t i a l  equilibrium of the vehicle 
could only be established for  la teral  accelerations less than about 
0.6 g ,  in which condition the front and rear t i r e  s idesl ip  angles were 
roughly 6.5" and lo0 ,  respectively. The t i r e s  generate the i r  maximum 
side forces a t  much greater s l i p  angles, of course, b u t  i f  the la teral  
acceleration i s  any greater than 0.6 g (quasi-steady), the inside rear 
t i r e  l i f t s  off the road and the engine torque simply spins the inside 
rear wheel. In the real world, a driver would thro t t le  back t o  prevent ' 
the engine from overspeeding and the vehicle would slow down. The 
la teral  acceleration would reduce again to  a level a t  which the inside 
rear wheel would regain road contact and would transmit some drive 
thrust.  Thus a region of interest  involving a rollover could n o t  be 
reached in a maneuver consisting of a fixed steer angle and slowly 
increasing thro t t le .  
The a1 ternative form of quasi-steady turning in which a constant 
speed i s  maintained, while s teer  angle i s  slowly increased, was also 
t r ied ,  b u t  the inside rear wheel again l i f t ed  and prevented suff ic ient  
engine power from reaching the road t o  maintain speed. After wheel 
l i f t -o f f  occurs, the slowly increasing s teer  angle causes the speed to 
decrease such that a steady lateral  acceleration could be achieved and 
maintained, b u t  not increased. If the s teer  angle were t o  be in- 
creased suff ic ient ly  quickly to cause an increasing la teral  acceleration, 
and some limiting response, the maneuver ceased t o  be a quasi-static 
maneuver. 
In circumstances in which the s teer  angle increases a t  such a 
ra te  as t o  maintain a constant la teral  acceleration of 0.72 g ,  by 
virtue of a steadily decreasing forward speed, the external force 
system on the vehicle changes very l i t t l e  with time. The vehicle 
at t i tude i s  as near to an equilibrium a t t i tude  (corresponding to  that  
la teral  acceleration) as can be established. I n  t h i s  s i tuat ion,  the 
mass center of the body i s  raised 3.2 inches from i t s  s t a t i c  equili-  
brium position, and the body i s  pitched nose-down through 2.3". The 
rol l  angle i s  5.6" and the wheels have camber angles of 6.2" ( l e f t  
f ron t ) ,  3.9" ( r ight  f ront ) ,  19.2" ( l e f t  r ea r ) ,  and -6.5" ( r ight  rear)*. 
and normal loads of 1580 1 b f ,  190 1 b f ,  1635 1 bf and 0 1 b f ,  respectively. 
These quasi-static turning maneuvers also show tha t ,  for  la teral  
accelerations above about 0.55 g, the "equilibrium" rol l  angle changes 
rapidly w i t h  la teral  acceleration from about l o  u p  t o  about 6" a t  the 
cornering limit .  Clearly, up t o  0.5 g of la teral  acceleration, very 
1 i t t l e  body rol l  occurs. This property can be expected, in practice, 
t o  make the M-151 very d i f f i cu l t  to  control in limiting conditions, 
because i t s  a t t i tude,  and therefore i t s  response behavior, can vary 
t h r o u g h  chance ci rcumstances re1 ating t o  w ind ,  road surface, previous 
motion, e tc . ,  for different approaches to  a particular maneuver. 
4.3 The J-Turn Maneuver 
For reasons of economy, a J-turn maneuver has been simulated by 
assuming the M-151 to  be traveling s t raight  and level a t  constant speed 
and a t  time zero ( the s t a r t  of the simulation run) having the thro t t le  
closed, and a step input of s teer  angle applied a t  the road wheels. I n  
practice, a step i n p u t  i s  not possible, b u t  a r ea l i s t i c  f a s t  ramp input 
of s teer  angle produces substantially the same resul ts  as a step input, 
since the input would be completed before much vehicle response had 
occurred. 
A J-turn maneuver for a particular vehicle configuration i s  
characterized by the vehicle 's  i n i t i a l  forward speed and the magnitude 
of the steering input. Thus, i t  i s  simple to describe. Also, in the 
case of the M-151, quite general motions of the vehicle, including 
- - 
*The minus sign indicates that  the wheel plane i s  inclined in 
the direction opposite to  that of the body ro l l .  
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jounce and pitch of the body, could be excited due t o  the strong 
coupling of longitudinal and la teral  motions resulting from the sus- 
pension kinematics. This maneuver has therefore been studied for a 
range of forward speeds and s teer  angles. 
For relatively small steering angles, which lead to  responses in 
which the t i r e  s idesl ip  angles never exceed s ix degrees and the la teral  
acceleration does not exceed 0.5 g ,  the forward speed decreases steadily 
while the la teral  velocity and la teral  acceleration r i s e  steadily. The 
vehicle pitches nose down and hardly ro l l s  a t  a l l .  The t i r e  s idesl ip  
angles are not f a r  from equal a t  the front and rear,  a1 though as the . 
la teral  acceleration r i ses  from 0.2 g, there i s  a noticeable tendency 
for  the rear t i r e s  t o  sides1 ip more than the front t i r e s .  Lateral load 
transfer a t  the rear of the vehicle greatly exceeds that  a t  the front. 
For larger steering inputs, which lead to  rollover or near ro l l -  
over responses, the behavior i s  qualitatively the same irrespective of 
the vehicle speed or the s teer  angle applied. In some quantitative 
respects (e.g., la teral  acceleration, pitch angle, rol l  angle, jacking, 
suspension behavior, 1 oad t ransfer ) ,  the behavior i s  substantially 
constant, b u t  the time taken for  the limiting condition to  be reached 
varies with speed and steer.  Typical rollover and less severe responses 
are  shown in Figure 3. The high level responses can be described as 
follows. A one-degree nose down pitch at t i tude develops rapidly, 
steadies of f ,  and then builds up further to about 2.7 degrees, as the 
la teral  acceleration builds up  steadily t o  0.75 g .  The rol l  angle re- 
mains very small until the la teral  acceleration reaches about 0.45 g ,  
and then increases rapidly to  rollover i f  the maneuver i s  severe enough. 
A t  about 0.65 g ,  the inside rear wheel leaves the ground, and a short 
time l a t e r ,  the inside front wheel also l i f t s .  Just  prior to  rollover, 
the pitch angle changes sign, and the vehicle ro l l s  with a nose u p  
att i tude. 
For each in i t i a l  speed above some minimum value, there i s  a c r i -  
t ical  s teer  angle for the J-turn maneuver below which the vehicle will 
not rollover and above which i t  will .  By t r i a l  and error ,  the c r i t ica l  
input has been determined for the standard M-151 for speeds between 
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30 and 70 mph.  The r e su l t s  a re  shown i n  Figure 4. S teer  angles of 
10 and 13 degrees d i d  not cause rollover from an i n i t i a l  20 mph, and 
i t  appears l ike ly  t ha t  the vehicle cannot be rol led  below t h i s  speed. 
In the v ic in i ty  of the c r i t i c a l  s t e e r  angle, the vehicle response 
levels  reached a r e  very sens i t ive  t o  the i n p u t  magnitude, especia l ly  
a t  high speed. This behavior can be seen in Figure 3 by comparing the 
responses to  0.3 and 0.35 degrees of s t e e r  a t  70 mph. This behavior i s  
a property of vehicles which a r e  understeer a t  low l a t e r a l  accelerat ions 
and a re  oversteer  a t  high l a t e r a l  accelerat ions.  Limiting oversteer  i s  
an undesirable response cha rac t e r i s t i c  because of (1 ) i t s  associat ion ' 
w i t h  i n s t a b i l i t y  above a c r i t i c a l  speed, and (2 )  the very high sensi-  
t i v i t y  of the responses t o  the input magnitude [29], [30]. 
In the  case of the  standard M-151 a t  50 mph, a s t e e r  angle of 
0.92 degrees i s  just su f f i c i en t  to  cause rollover in the J-turn. The 
ro l l  angle reaches 56 degrees i n  3.7 seconds, when a1 1 four wheels have 
l o s t  contact w i t h  the ground. The e f f ec t  of returning the s teer ing i n -  
p u t  t o  zero a t  various stages of the maneuver have been studied b r ie f ly ,  
and, in t h i s  marginal case, removing the input as l a t e  as 2.7 seconds 
in to  the run prevented rollover.  The r e su l t s  a re  i l l u s t r a t e d  i n  Figure 
5. If  the original  s t e e r  angle had been somewhat larger ,  so t ha t  t h i s  
maneuver were not such a marginal case, i t  is  l ike ly  t ha t  the subsequent 
removal of the i n p u t  would be much l e s s  e f fec t ive  in preventing rollover.  
Wi th  increased loading of the M-151, typical ly  involving the 
carrying of people in the rear  sea t s  and the reco i l l e ss  r i f l e  [27], 
the sprung mass increases, the mass center  moves upwards and rearwards, 
the moments of i ne r t i a  of the sprung mass a r e  increased, and the equi- 
1 i bri um suspension posit ions a re  a1 tered.  Unfortunately, long-hand 
calculat ions a re  necessary when using HVOSM, t o  determine the  modified 
i n p u t  data representing the loaded vehicle. Such data were prepared 
(corresponding t o  the standard vehicle w i t h  the addition of two more 
passengers and the r i f l e ) ,  and the J-turn behavior of the loaded vehicle 
was examined a t  50 mph. S teer  input levels  of 0.9,  0.93, and 1.1 degrees, 
which a re  near the c r i t i c a l  level f o r  the unladen vehicle,  were employed. 
In each case, the vehicle ro l led  over. The event sequence was s imi lar  
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to that desc.ribed for the unladen vehicle, except that the pitch angle 
was noticeably slower in developing b u t  achieved a greater magnitude 
(around 4.3 degrees) than in the "unloaded" case. The increased jounce 
displacements of the rear suspension deriving from the loading, causes 
the swing axle pivots t o  be lowered, which reduces the "jacking" ten- 
dency of the rear suspension. A t  the same time, more suspension move- 
ment before the rebound stops are contacted becomes possible. Thus the 
changes in the simulation results can be seen t o  be closely associated 
with the changes in the vehicle configuration. The behavior of the 
laden vehicle i s  shown in Figure 6. 
In  order t o  contrast the behavior of the M-151 with that of a 
more conventional vehicle, input data representing a 1963 Ford Galaxy 
were obtained using the preprocessing program and the HVOSM documentation 
(for the t i r e  coefficients). J-turn maneuvers were simulated a t  50 mph 
by applying steer angles of 2, 4, and 8 degrees t o  the Ford Galaxy. The 
results (see Fig, 7 )  show very l i t t l e  "jacking" or pitch of the sprung 
mass, comparative smoothness of the responses over time, an under- 
steering type of response with sideslip angles of the front t i res  in 
general greater than those a t  the rear, leading to comparative insensi- 
t iv i ty  of the responses t o  the input a t  high input levels, greater load 
transfer across the front axle than the rear, and no suggestion of rol l -  
over even though lateral accelerations approaching 0.9 g were computed. 
4.4 The Lane-Change Maneuver 
A lane-change maneuver was simulated by assuming the standard 
M-151 t o  be traveling straight and level a t  50 mph with one complete 
sine wave of steering i n p u t  with a 2-second period being applied with 
the throt t le  closed a t  the commencement of the maneuver. Steer amplitudes 
of 0.5, 1 .0 ,  2.0, and 4.0 degrees were employed. 
The directional responses caused by the two smaller steer inputs 
were quite symmetrical with the vehicle being displaced la teral ly  through 
roughly 4.5  and 9.5 feet ,  respectively. With the 2-degree steer input, 
the final path direction was yawed through 27 degrees in the direction 
of the in i t ia l  steering input relative t o  the in i t ia l  path, while with 
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the 4-degree input, the vehicle rolled over in response t o  the f i r s t  
quarter of the sine wave. 
The results show that the two smaller inputs produced very mild 
maneuvers, with the lateral  motion responses for the 1-degree input 
being almost double those for the 0.5-degree input. This was not true 
for the pitch angle response, part of which i s  caused by closing the 
thro t t le ,  with the remaining portion of the response being caused by 
very nonl inear effects such as la teral  load transfer,  the nonlinearity 
of the t i r e  side force versus load, and the changing suspension kine- 
matics when " jacking'' takes place. A maximum 1 ateral acceleration of 
0.51 g was reached for the 2-degree input, and the inside rear wheel 
almost l i f t ed  a t  one point. The'maximum roll  angle was just  over 1 
degree. These results are shown in Figure 8. 
Further study of the lane-change maneuver involving the examina- 
tion of input levels between 2 and 4 degrees and periods of sine-wave 
steering other than 2 seconds would obviously be possible. However, 
such study was not considered t o  be very cost effective in providing an 
understanding of M-151 behavior over and above that obtained from the 
J-turn and combined steering and braking simulations. 
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5.0 FINDINGS 
5.1 The Rollover Threshold i n  J-Turn Maneuvers 
As described ea r l i e r ,  for each vehicle speed there i s  a c r i t i ca l  
s teer  input above which the vehicle will rollover and below which i t  
will not. This finding applies, of course, to  the standard M-151 on a 
high f r ic t ion  surface. The relationship between speed and c r i t i ca l  
s teer  angle i s  shown in Figure 3. 
In order t o  establish the minimum speed a t  which rollover could 
be provoked in a J-turn, a s teer  angle of 30 degrees was employed as 
the control input i n  some low speed runs. This action produced an 
unexpected resul t ,  namely, that  a 30-degree s teer  input will not cause 
rol lover a t  speeds between 30 and 40 mph, a1 though much smaller s teer  
inputs will. This finding i s  considered, however, to  be an a r t i f a c t  
since, in real 1 i f e ,  a 30-degree input i s  impractical and could not be 
applied in a stepwise fashion. With th i s  large s teer  i n p u t ,  the 
sequence of vehicle motions i s  substantially different from that  result-  
ing from inputs near the c r i t i ca l  value, and close examination of the 
resul ts  shows them to be physically reasonable. Also, in one 40-mph run 
s tar t ing from a quasi-equil ibrium at t i tude with the thro t t le  open, the 
M-151 rolled over w i t h  a constant 1-degree s teer  angle, which i s  half 
the c r i t i ca l  value for the J-turn a t  that  i n i t i a l  velocity. Again, the 
character of the motions was different from that typical of a J-turn, 
and the importance of force and motion phasing effects  in determining 
the input levels a t  which rollover will occur i s  indicated. 
The J-turn results have been examined in detail to determine 
whether or not there are marked differences between the motions leading 
to  rollover and those near the 1 imit which do n o t .  Lateral acceleration 
1 eve1 s ,  vehicle sides1 ip angles, and suspension behavior are very 
similar until rollover i s  imminent. Characteristically, the rol l  angle 
increases very rapidly when rol l  over occurs, and the corresponding rol l  
velocities tend to be significantly higher than those occurring i n  non-  
rollover runs. However, these h i g h  roll  velocities begin within a half 
a second of rollover, by which time the rol l  angle i t s e l f  would be 
su f f i c i en t  t o  indicate t o  a dr iver  t ha t  rol lover was imminent. Lif t ing 
of the inside rea r  wheel from the pavement could provide ear ly  warning 
of near-1 irni t conditions, typical ly preceding rollover by about 1 second 
and coinciding w i t h  a l a t e r a l  accelerat ion of the sprung mass center  
of gravity i n  the region of 0.65 g. Such a condition, however, although 
necessary, i s  not su f f i c i en t  t o  produce rollover in t ha t  the inside 
rea r  wheel also 1 i f t e d  in many non-rol lover simulations. 
5.2 The Influence of Loading 
As discussed e a r l i e r ,  J- turns have been simulated w i t h  the M-151, 
i n  one cha rac t e r i s t i c ,  heavily laden condition (viz .  , carrying two 
rea r  s ea t  passengers and the reco i l l e ss  r i f l e ) .  Rollover occurs a t  lower 
s t e e r  i n p u t  levels  than f o r  the standard loading condition, w i t h  sub- 
s t a n t i a l l y  the  same event sequence except f o r  expected var ia t ions  i n  
the pitch angle response. Although heavily laden, the rear  r o l l  center 
i s  s t i l l  high enough fo r  "jacking" t o  be very powerful a t  high l a t e r a l  
accelerat ions.  Once the "jacking" i s  under way, the rear  suspension 
geometry tends t o  rever t  t o  t h a t  of the unladen vehicle ( i  .e., the 
r o l l  center  i s  r a i sed) .  The inside rear  wheel l i f t s  off  the pavement 
about 1 second ahead of ro l lover ,  when the l a t e r a l  accelerat ion of the 
mass center  i s  again near 0.65 g. 
5.3 Comparison of M-151 and Ford Galaxy Behaviors 
The simulation r e su l t s  a r e  consistent  w i t h  our expectation t ha t  
the Galaxy would understeer throughout the 1 a te ra l  accelerat ion range. 
With s teer ing input levels  which keep the vehic le ' s  l a t e r a l  accelerat ion 
below about 0.3 g ,  i t s  responses a r e  l inear  functions of the i n p u t ,  
b u t  f o r  larger  s t e e r  inputs,  the output/input r a t i o s  decrezse. For a 
given vehicle speed, these gain changes a r e  a very regular function of 
s t e e r  angle. A l i t t l e  front-suspension jacking occurs, b u t  i s  not 
su f f i c i en t  t o  have much influence on the veh ic le ' s  l a t e r a l  motions. This 
understeer behavior derives from (1 )  the mass center  being nearer the 
f ron t  axle than the rear  axle ,  ( 2 )  the major pa r t  of the l a t e r a l  load 
t rans fe r  taking place across the f ron t  t i r e s ,  ( 3 )  the f ron t  wheels in- 
c l in ing subs tan t ia l ly  w i t h  the body while the rear  wheels remain upright, 
and (4 )  the f ron t  t i r e  pressures being lower than those a t  the rear .  
The small disturbance s t a b i l i t y  of the Ford Galaxy, together with the 
uniformity of i t s  t r ans i t ion  i n  response behavior from the low t o  the 
h i g h  l a t e r a l  acceleration regimes, make i t  r e la t ive ly  easy t o  control 
by a driver.  I t s  r e la t ive ly  low c.g. -height-to-track-width r a t i o  a lso  
make i t  s t ab le  i n  r o l l .  
The M-151 behaves in a manner s imi lar  t o  the Galaxy a t  low 
1 a tera l  accel e a t  ions , b u t  changes towards oversteer as the 1 a te ra l  
acceleration increases. Up to  a point,  the ro l l  a t t i t ude  changes very 
l i t t l e  w i t h  cornering, b u t  then, as the load t rans fe r  across the rear  . 
wheels encourages "jacking," and as the "jackingt' feeds on i t s e l f ,  
1 i f t i n g  the vehicle mass center  t o  fur ther  increase load t rans fe r  and 
a1 so 1 i f t i  ng the rear  ro l l  center ,  the vehicle response behavior changes 
character  w i t h  r e l a t i ve  rapidi ty .  Par t icular ly  f o r  h i g h  speeds, the 
vehicle responses a t  higher 1 eve1 s of 1 a te ra l  acceleration become very 
sens i t ive  t o  the i n p u t ,  and the i n s t ab i l i t y  of the open-loop vehicle 
f o r  small disturbances from usual operating conditions may we1 1 be 
common. In these circumstances, the driver i s  required t o  provide 
s tabi  1 izing feedback control.  Control 1 ing the M-151 near i t s  cornering 
l im i t ,  par t icular ly  a t  high road speeds, would seem to  be a re la t ively  
d i f f i c u l t  task,  and t h i s  f a c t ,  together w i t h  i t s  high mass center and 
narrow t rack,  and the rear  suspension "jacking" which i t  su f fe r s ,  make 
i t  l ike ly  t ha t  i t  will be involved comparatively frequently i n  rol lover 
type accidents. 
The f a c t  t ha t  the inside rear  wheel of the M-151 loses contact 
w i t h  the road a t  a l a te ra l  acceleration close t o  0.65 g has an impor- 
t an t  bearing on i t s  response behavior. I t  will not maintain a steady 
condition above t h i s  l a te ra l  accelerat ion,  because, when the wheel 
l i f t s ,  drive thrust i s  not transmitted to the road, and the vehicle 
slows down. If  the vehicle speed i s  low (below 25 mph,  say) a t  the 
s t a r t  of a maneuver, the indications from the simulation resu l t s  a re  
t ha t  a pract ica l ly  achievable r a t e  of application of steering input will 
not lead t o  rol lover because of the wheel 1 i f t i ng  and loss of forward 
speed. The very low speed t e s t  course a t  the Aberdeen Proving Ground [24], 
w i t h  i t s  f a i r l y  gentle turn entry and e x i t  p rof i l e s ,  would not be 
expected to provide a good t e s t  of the M-151's rollover potential. 
The simulation resul ts ,  in fac t ,  agree qualitatively with the obser- 
vations recorded in Reference 1241. If high speed testing were to be 
attempted, a driver could not be expected to  ful ly  explore a vehicle's 
rol l  s tabi l  i t y  without considerable measures being taken t o  ensure his 
safety. I t  appears that ,  a t  minimum, these measures should include 
outriggers becoming effective a t  (say) 20 degrees of rol l  and a large, 
obstruction-free t e s t  area. 
6.0 PROSPECTS FOR THE SYNTHESIS OF A  ROLLOVER INDEX 
Before address ing t h e  prospects  f o r  syn thes i z i ng  a " r o l l o v e r  
index," i t  i s  e s s e n t i a l  t h a t  we d e f i n e  what i s  meant by " r o l l o v e r  
index." Such a  d e f i n i t i o n  i s  n o t  a s t r a i g h t f o r w a r d  ma t te r  and, t o  a  
very  l a r g e  ex ten t ,  w i l l  depend on t he  i n t e r p r e t a t i o n  o f  t h e  v e h i c l e  
r o l  l o v e r  problem being encountered by t he  U .S. Army. Accord ing ly ,  
t h i s  s e c t i o n  o f  t h e  r e p o r t  w i l l  be prefaced w i t h  some d i scuss ion  o f  
t h e  "problem" t h a t  t he  U.S. Army would l i k e  t o  a l l e v i a t e ,  t o  t h e  e x t e n t  
t h a t  t h e r e  a r e  p r a c t i c a l  and c o s t - e f f e c t i v e  means f o r  do ing so. 
The "problem" can, o f  course, be def ined i n  a  number o f  d i f f e r e n t  
ways. Assuming t h a t  t h e r e  i s  c l ea r ,  unambiguous evidence showing t h a t  
r o l  l o v e r s  occur  i n  over- the-road opera t ions  o f  some m i  1  i t a r y  veh i c l es  
t o  a  much g r e a t e r  e x t e n t  than o the rs  (when t he  da ta  a re  p r o p e r l y  
normal i z e d  f o r  exposure), quest ions can be r a i s e d  as t o  "Why i s  t h i s  
t he  case?" and "What a r e  t he  c o r r e c t i v e  measures t h a t  should be i n s t i -  
t u  ted?  I' 
With respec t  t o  t he  f i r s t  quest ion,  t he  answer cou ld  be e i t h e r  i n  
t h e  des ign o r  ope ra t i ona l  realm. For  example, i t  i s  c l e a r  t h a t  t he  
des ign cho ice  made w i t h  respec t  t o  t he  suspension geometry employed on 
t h e  M-151 l e d  t o  a  h i g h l y  e f f e c t i v e  o f f - r o a d  v e h i c l e  hav ing a  hos t  o f  
d e s i r a b l e  o f f - r o a d  q u a l i t i e s  a t  the  expense o f  o b t a i n i n g  a  v e h i c l e  which 
becomes somewhat hazardous when (1) d r i v e n  a t  speed over  paved road 
sur faces  and (2 )  t h e  d r i v e r  encounters some emergency whose r e s o l u t i o n  
1  eads t o  "emergency" s t e e r i n g  and b rak ing  c o n t r o l  ac t ions .  Whether t h i s  
design t r a d e o f f  was f u l l y  understood a t  t h e  t ime t h a t  t h e  M-151 was 
f i r s t  be ing developed by t h e  Army i s  no t  known. Nevertheless, a t  t h i s  
p o i n t  i n  t ime, i t  i s  impor tan t  t h a t  the  Army f u l l y  apprec ia te  t he  
t radeof f  t h a t  i s  i nvo l ved  s ince  a  complete systems ana l ys i s  m igh t  i n d i -  
ca te  t h a t  t h e  " r o l l o v e r  problem" should be addressed i n  t he  ope ra t i ona l  
rea lm r a t h e r  than i n  t he  design realm. 
I n  c o n t r a s t  t o  t h e  M-151 which uses independent suspension-system 
designs t h a t  compromise i t s  emergency maneuvering c h a r a c t e r i s t i c s  on 
hard, dry pavement, the Army also uses a large number of sol id-axle 
trucks in both the goer and non-goer configuration. Such vehicles 
generally exhibit a rollover threshold prior t o  reaching the i r  
cornering limit  and th is  behavior can, in theory, be looked upon as 
a price that  must be paid i f  i t  i s  necessary t o  transport military 
material in a reasonably productive manner.* In th is  instance, i t  i s  
necessary that  those who are  responsible for  vehicle procurement and 
those who are  responsible for i t s  operation clearly understand that  the 
manner in which the military truck i s  loaded and used can (and does) 
infl  uence i t s  rollover threshold. With respect to the second question,, 
the experience obtained i n  the commercial-trucking enterprise indicates 
that  the alternatives for  raising the rollover threshold of trucks are 
1 imi ted in number. Whereas attention to design detail i s  certainly 
warranted in the case of both commercial and military trucks, i t  appears 
that i t  i s  primarily the user who must be on the lookout for  loading 
and usage practices that  reduce the rol lover threshold below some 
nominal and, presumably, unacceptable level. 
The simulation findings presented above suggest that ,  in the case ' 
of a vehicle that  becomes both directionally and rol l  unstable a t  higher 
levels of la teral  acceleration, i t  i s  not straightforward to  establ ish 
def ini t ive conditions under which the vehicle will either rollover or 
not rollover. In general, i t  was established that t h i s  particular 
vehicle cannot be brought t o  a limiting steady value of la teral  
acceleration beyond which a l l  four wheels will leave the road as the 
vehicle rol ls .  Rather, a dynamic maneuver i s  required to cause rollover 
on a smooth, level surface. Further, i t  became clear that t o  the 
extent that  a "step-steer" maneuver i s a real i s t i  c maneuver approxi - 
mating driver action in an emergency, then there i s  a boundary in the 
"speed-steer displacement space" which says that values of speed and 
s teer  input exceeding a certain l imit  value will resul t  in rollover, 
whereas values of speed and s teer  i n p u t  below that l imit  will not cause 
a rollover event. I t  should be noted that the boundary defined by 
Figure 4 does not exis t  for many four-wheeled passenger vehicles in 
*This observation i s  equally valid for the commercial motor 
truck and truck combination, 
that they cannot be caused to rol lover on a real istic high friction 
surface. On the other hand, vehicles such as the M-151 possess such 
a boundary with the location of this boundary being sensitive to its 
loading condition. Further, goods-carrying vehicles, such as single- 
unit trucks and tractor-trai 1 er combinations, will have a boundary 
that is maneuver sensitive as well, since they can be rolled over by 
marginally exceeding a quasi-static threshold as we1 1 as being rolled 
over as a result of some transient maneuver. 
To the extent that one is willing to associate the concept of 
a rollover index with that of a rollover threshold, it becomes possible 
to state that the curve presented in Figure 4 constitutes a rollover 
index for the M-151 in one particular loading condition. It should be 
clear that a different curve defines the rollover index of the M-151 
in a different loading condition. Further studies, both analytical and 
experimental, would be required to determine the extent to which this 
type of space (i .e., .Fig. 4) constitutes a satisfactory definition of 
the rollover index (or threshold) for a large variety of military 
vehicles as used by the U.S. Army. 
7.0 RECOMMENDATIONS FOR FOLLOW-ON WORK 
Possible further work is discussed below in two subsections, one 
in which improvements to the simulation techniques utilized in this study 
are proposed, the other in which the simulation of certain military 
vehicles of particular interest is considered. 
7.1 Vehicle Simulations Employing HVOSM 
The manner in which HVOSM has been used in this project has been 
found awkward in two respects. Firstly, relying on line printer output 
some time after a simulation run involves an inconvenient separation of 
question and answer, slowness in converging on solutions which require 
an iterative technique, and some difficulty in translating the numeri- 
cal output into an accurate picture of the vehicle motions. Secondly, 
when the load to be carried by a vehicle is to be changed, the necessary 
long-hand data modifications are extensive. If significant further 
work with HVOSM were to be undertaken, we would propose that our graph 
plotting routines be employed to examine the results, in time history 
form, immediately after each run (on the screen of a Visual Display 
Unit), and that any results of lasting value be placed in the plotter 
job queue at that time. Also, if the effects of loading were to be 
studied extensively, we would propose automating the data modifications 
necessary to descri be each new 1 oadi ng condition. 
7.2 Simulation of Other Military Vehicles 
Four specific cases, involving an M-151 towing a trailer, a three- 
axle medium truck, a small articulated vehicle, and a large articulated 
vehicle, should be studied. The existing HVOSM code is not suitable 
for simulating any of these vehicles or vehicle combinations. Develop- 
ing HVOSM to make it suitable is not recommended since there are pre- 
ferred a1 ternatives. For example, the MVMA-HSRI simulation program is 
well suited to dealing with the last three vehicle types. On the other 
hand, no program is known to exist which will simulate the M-151 and 
trailer in rollover maneuvers. The best approach to simulating this 
last vehicle combination in 1 imit maneuvering would appear to involve 
incorporating the independent rear suspension system as an option in 
the MVMA-HSRI program. 
Data describing the trailer could be estimated relatively easily 
on the basis of dimensions and weights. Insofar as the military trucks 
are similar in design to non-military trucks, HSRI's experience in 
measuring the parameters of commercial vehicles and the existence of 
parameter data for many typical commercial vehicles should permit the 
estimation of parameters which would lead, through simulation, to a 
good understanding of their rollover behavior and problems, if any. 
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